Abstract. It has been reported that bone marrow-derived mesenchymal stem cells (BMSCs) alleviated liver fibrosis. We investigated whether BMSCs transfected with human matrix metalloproteinase 1 (BMSCs/MMP1) would improve their therapeutic effect in liver fibrosis induced by carbon tetrachloride (CCl 4 ) in rats. BMSCs were transfected with an adenovirus carrying enhanced green fluorescence protein (GFP) and human MMP1 gene. BMSCs or BMSCs/MMP1 were directly injected into fibrotic rats via the tail vein. GFP-labeled cells appeared in the fibrotic liver after BMSC transplantation. The expression of BMSCs/MMP1 elevated levels of MMP1 in vitro. Although BMSC administration reduced liver fibrosis, transplantation of BMSCs/MMP1 enhanced the reduction of liver fibrosis to a higher level. Treatment with BMSCs/MMP1 not only decreased collagen content but also suppressed activation of hepatic stellate cells (HSCs) in fibrotic liver, which led to subsequent improvement of both liver injury and fibrosis. Treatment with BMSCs/MMP1 resulted in an improved therapeutic effect compared with BMSCs alone, which is probably because of the sustainably expressed MMP1 level in the liver. BMSCs/MMP1 transplantation not only improved biochemical parameters but also attenuated progression of liver fibrosis, suggesting that BMSCs may be a potential cell source in preventing liver fibrosis and MMP1 gene may enhance the anti-fibrotic effect of BMSCs.
Introduction
Liver fibrosis is the advanced stage of liver disease accompanying by hepatocyte necrosis and excessive or uncontrolled deposition of extracellular matrix (ECM) under constant stimulation of a variety of pathogenic factors (viral hepatitis, alcohol abuse, metabolic disease and immune injury) (1) (2) (3) . Great progress has been made in the mechanisms and cell biology of liver fibrosis. Numerous small molecules and biologics have been identified that are reaching preclinical testing of anti-fibrotic agents and strategies, but the effective anti-fibrotic drugs approved for clinical use in advanced liver fibrosis still are scarce (4) (5) (6) . Although liver transplantation is the only effective treatment to cure liver cirrhosis at present, it is limited by organ donor shortage, surgery-related complications, immunological rejection, and high cost worldwide (7, 8) .
In recent years, increasing research (9) (10) (11) (12) (13) (14) has suggested that stem cell transplantation is an effective alternative therapy for liver fibrosis/cirrhosis. The stem cells, including embryonic stem cells, induced pluripotent stem cells, and adult stem cells, have the potential of differentiation into hepatocyte-like cells both in vivo and in vitro (15) (16) (17) (18) (19) . In these stem cells, bone marrow-derived mesenchymal stem cells (BMSCs) are the most abundant source and is most widely used in animal experiments and clinical trials. BMSCs have several advantages, such as easy acquisition, strong proliferative capacities, and immune-modulatory property that are able to migrate to damaged tissues (20) . BMSC transplantation therapy alone may not attenuate liver fibrosis completely (21) , since it cannot degrade the ECM and fiber scar effectively in cirrhotic tissue which may prevent proliferation of BMSCs, suggesting that the therapeutic efficacy of BMSCs needs improvement. According to recent studies (22) (23) (24) (25) , BMSCs could be used as a potent ideal vehicle for gene delivery. Gene modified stem cells may maintain the direct differentiation characteristics and secrete exogenous cytokines for the purpose of anti-fibrogenic therapy.
Matrix metalloproteinase (MMP) is the main enzyme responsible for ECM degradation and tissue inhibitor of metalloproteinases (TIMPs) has the ability to inhibit MMPs (26) . MMPs secreted by HSCs and Kupffer cells participating in the degradation of ECM, is endogenous proteolytic enzyme family of zinc-calcium ions (27) . MMP is the strongest enzyme to degrade collagen fibers, which are the main component of ECM and play an important role in physiological and pathological process. Although some 
Construction of recombinant adenovirus vector.
Constructing the recombinant adenovirus vector containing hMMP1 gene with Gateway™ Clone Technology as previously described (36) . Briefly, the full-length gene hMMP1 was amplified by using PCR from the pcDNA3.1 plasmid, then it was cut down and connected to the entry vector pENTER™ 1A (both from Invitrogen, Carlsbad, CA, uSA). The entry clone and the destination vectors pJTI™ R4 the Dest CMv-IRES/eGFP pA vector (Invitrogen) recombine using the LR reaction to form the expression clone pAd-hMMP1-IRES/eGFP. The linear pAd-hMMP1-IRES/eGFP transfected into HEK293A cells packaging the Ad-hMMP1-IRES/eGFP. The target protein expression was detected by RT-PCR and western blot assay. The adenovirus titre was measured by TCID50 method, and stored at -80˚C in the phosphate-buffered saline (PBS).
BMSCs isolation, culture and gene transduction. Rats BMSCs were isolated from bone marrow and expanded in culture according to previous studies (37, 38) . For adenoviral transduction, the BMSCs were washed with serum-free Dulbecco's modified Eagle's medium (DMEM) three times and exposed to fresh medium containing Ad-MMP1-eGFP (1.8x10 10 pfu/ml) and Ad-eGFP (1.0x10 10 pfu/ml) in 5 ml DMEM at 37˚C for 4 h, according to the multiplicity of infection 50, 100, 200 and 300 (pfu number/cell). The medium was removed, and the cells were washed once with DMEM and re-cultured in normal medium for 24 h, after which cell transplantation was performed.
Cell surface labeling. BMSCs and MMP1-BMSC phenotypes were analyzed by flow cytometry using a FACSCalibur (Becton-Dickinson Biosciences, Ann Arbor, MI, uSA). The cells were re-suspended in phosphate-buffered saline (PBS) at a concentration of 1x10 6 cells/ml, and were incubated with following fluorescent anti-human antibodies: fluorescein isothiocyanate (FITC)-conjugated CD45 and CD90, phycoerythrin (PE)-conjugated CD105, CD14, CD34 and CD79a (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, uSA). The rat immunoglobulin IgG-FITC and IgG-PE was used as the isotype-matched control. The cells were tagged 45 min away from light at room temperature, washed three times with PBS and detected with FACSCalibur flow cytometer.
CCl 4 -induced liver fibrosis model and BMSCs transplantation.
Seventy male rats were divided into two groups randomly, group A: liver fibrosis model (n=60) and group B: control (n=10). Liver fibrosis was induced by subcutaneous injection of CCl 4 oil solution (1:1 olive oil; Sigma-Aldrich, Steinheim, Germany) at a dose of 1 ml/kg body weight twice per week for 8 weeks. The same volume of saline solution was applied to control rats. The rats were sacrificed to assess the extent of liver fibrosis after withdrawing injection of CCl 4 . For cell implantation, CCl 4 treated rats were classified into five groups (n=10): normal control group, rats were treated with olive oil infused with saline; model control group, rats were treated with CCl 4 infused with olive oil; BMSCs group, rats were treated with CCl 4 infused with saline containing untreated BMSCs (3x10 6 cells); eGFP/BMSCs group, rats were treated with CCl 4 infused with saline containing BMSCs transduced with Ad-eGFP for 24 h (3x10 6 cells); MMP1-eGFP/BMSCs group, rats treated with CCl 4 were infused with saline containing BMSCs transduced with Ad MMP1-eGFP for 24 h (3x10 6 cells); transplantation was administered as a single dose. Rats were sacrificed 2 or 4 weeks post-implantation, liver tissue was obtained to observe the expression of GFP by frozen section. Blood was collected from celiac artery for analysis. Liver tissue was fixed in 10% neutral buffered formalin for histopathological and immunohistochemical examination, or stored at -80˚C for future use.
Enzyme-linked immunosorbent assay (ELISA) for MMP1
secreted by adenoviral transducted BMSCs and TIMP1 in the liver. Enzyme-linked immunosorbent assay for MMP1 secreted in both MMP1/BMSCs and BMSCs (2x10 6 cells) were transfected with Ad-MMP1-eGFP at optimum MOI of 300 puf/cell in 6-well plates and cultured for 72 h, the culture supernants were centrifuged at 10,000 x g/min for 10 min and collected for analysis. In addition, the media from untreated BMSCs were collected as the control. Commercial MMP1 ELISA kits (R&D Systems, Minneapolis, MN, USA) were used to detect the content of MMP1 in each group.
The levels of MMP1 and tissue inhibitor of metalloproteinases-1 (TIMP1) in the liver tissue of rats 4 weeks after transplantation were measured using ELISA kits (R&D Systems). Wet liver tissue (100 mg/sample) was homogenized in 1 ml PBS in the presence of 1% protease inhibitors (Sigma-Aldrich). The supernatant fraction of liver homogenate was used to measure MMP1 and TIMP1 levels.
Enzymatic activity of MMP1 in vitro and in vivo.
The enzymatic activity of human matrix metalloproteinase 1 secreted in MMP1 gene modified BMSCs and in liver after implantation was tested by fluorescence quantitative kits of MMP1 enzyme activity (GEM, China). The protein of MMP1 was collected from the supernatants in cultured BMSCs and from liver tissue as above. Enzyme activity was performed according to the manufacturer's instructions. Fluorescence microplate reader (Japan) the setting was: excitation wavelength 330 nm, distribution wavelength 400 nm, 37˚C. The data were expressed as the mean [nmol/(mg•min)] ± SD, with n=10/group. Liver function test. The blood samples were obtained from large artery according to experimental design, and stored at -80˚C. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), albumin (ALB) and prothrombin time (PT) were measured with automatic biochemical analyzer.
Liver histology. The Masson staining method was to detect collagen fibers, the blue areas are considered the collagen area. The livers were harvested at sacrifice, washed in PBS, and fixed in 10% formalin overnight at 4˚C. Tissues embedded in paraffin were cut into 5-µm-thin sections. For Masson's trichrome stain, sectioned samples were placed in Bouin's solution at waterbath of 60˚C for 1 h and washed in running tap water for 5 min, stained in succession with Weigert's working hematoxylin solution for 10 min, Biebrich Scarlet solution for 5 min, phosphomo-lybdic/phosphotungstic-acid for 10 min, transferred directly into Aniline blue for 5 min, 1% acetic acid for 1 min, dehydrate, clear, and coverslip. Sections were examined with a microscope (IX70; olympus, Tokyo, Japan). For H&E analysis, sectioned samples were stained with Mayer's hematoxylin solution (Sigma-Aldrich) for 5 min followed by Eosin Y (Deventer, The Netherlands) for 5 min.
Hepatic hydroxyproline determination.
Hepatic hydroxyproline was tested by improvement of Kivirikko method. Simply, liver samples of rats were obtained from sacrifice, and 20 mg of liver tissue were weighed, frozen and cut into homogeneity. Liver tissue was hydrolyzed with 3 ml 6 N HCl for 24 h at 100˚C. The mixture was centrifuged at 2,000 rpm, 4˚C for 5 min. The content of hydroxyproline (HYP) was determined by colorimetric assay at a wavelength of 560 nm. The quantity of HYP was calculated against a calibration curve obtained using HYP standards. Finally, the HYP content in each sample was quantified with µg/g (liver wet dry).
Western blot analysis for α-SMA of the liver tissue. Liver tissues harvested from rats per group were lysed with RIPA peptide lysis buffer (Shenerg Biocolor, Shanghai, China) with 1% protease inhibitors at 4˚C. Lysate containing 20 µg of protein was separated by electrophoresis on 10% acrylamide sodium dodecyl sulfate (SDS) gels. After electrophoresis, the protein was transferred onto polyvinylidene difluoride membranes (PVDF; Millipore, Billerica, MA, uSA). The membrane was incubated with mouse anti-rat α-SMA monoclonal antibody (1:1,000 dilution; Sigma-Aldrich) overnight at 4˚C and horseradish peroxidase (HRP)-conjugated goat antimouse IgG (1:5,000 dilution; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature in a gyratory shaker. After adequate washes, the membrane was processed using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL, uSA). The mouse anti-rat β-actin monoclonal antibody (1:500 dilution; Santa Cruz Biotechnology, Inc.) as an internal standard. The intensities of α-SMA and β-actin were measured using the quantity.
Statistical analysis. The data are presented as the means ± standard deviation (SD). The differences between mean values of each group were compared by a one-way analysis of variance (ANoVA) and considered to be statistically significant when the adjusted P<0.05. All analyses were performed using SPSS version 16.0 statistical software (SPSS, Inc., Chicago, IL, uSA). ImageJ was used to analyze the images.
Results

Characteristics of BMSCs and MMP1 gene-transduced
BMSCs. The isolated BMSCs presented uniform morphology, grew in spindles, and arranged in whirlpool shape ( Fig. 1A and B) . BMSCs were then transfected by recombinant adenovirus at the multiplicity of infection (MOI) of 50, 100, 200 or 300 pfu/cell, respectively. We found that BMSCs/MMP1 expressed green fluorescence from 24 h to 21 days after infection. The fluorescence intensity increased in level with MoI and reached its highest level of 76.43% at MoI 200 pfu/cell 72 h after the infection (Fig. 1C-E) .
To identify the origin of these cells, we next detected the expression of both BMSC markers CD90 and CD105 and hematopoietic cell markers CD34, CD45, CD14 and CD79a by flow cytometry. The results showed that BMSCs/MMP1 were 99.6% positive for CD90 and 99.8% for CD105, while only 0.1% positive for CD45, CD14 and CD79a, and 0.3% positive for CD34 (Fig. 2) , which indicated that the bone marrow-derived and MMP1 gene modified cells were BMSCs.
BMSCs/MMP1 alleviated CCl 4 -induced liver fibrosis.
After transplantation of BMSCs, the green fluorescence positive cells distributed around the hepatic vascular, hepatic sinusoid, and hepatic lobule of implantation rats by fluorescent microscope (Fig. 3A) , indicating that BMSCs/MMP1 were implanted successfully in the liver. To address the therapeutic effect of BMSCs/MMP1 on liver fibrosis, we injected saline, BMSCs, or BMSCs/MMP1 into rats via the tail vein. In CCl 4 -induced fibrotic liver, there were evidently much pseudolobuli surrounded by fibrotic septa joining the central area and was slightly decreased by transplantation of BMSCs, while it was significantly reduced by BMSCs/MMP1 transplantation (Fig. 3B) .
Masson staining were performed 4 weeks after cell transplantation to investigate the collagen content in fibrotic liver. The collagen stained area slightly decreased by transplantation of BMSCs and was strongly reduced by BMSCs/MMP1 transplantation, which was consistent with the histological changes ( Fig. 3C and D) . Intra-hepatic hydroxyproline levels, another indicator of tissue collagen content, showed a similar pattern (Fig. 3E) . These results clearly demonstrated that BMSC transplantation degraded hepatic collagen to a certain degree, while BMSCs/MMP1 may enhance the anti-fibrotic effect significantly in liver fibrosis.
The expression of α-SMA represents the activation of hepatic HSCs, a main pro-fibrogenic factor during liver fibrosis. Western blot analysis results showed that expression of α-SMA significantly increased in the model group compared with those of normal group. Transplantation of BMSCs decreased the expression of α-SMA, and transplantation of BMSCs/MMP1 decreased the α-SMA level to a further low level ( Fig. 3F and G) . Taken together, these data indicated that BMSCs/MMP1 were significantly more effective than BMSCs alone as a therapy for liver fibrosis in rats.
BMSCs/MMP1 attenuated CCl 4 -induced liver injury.
We subsequently evaluated the effects of cell transplantation on liver injury and liver function. As shown in Fig. 4 , levels of ALT (Fig. 4A) and AST (Fig. 4B) , which are indicators of liver damage, and PT (Fig. 4C) significantly increased in the CCl 4 model group, and ALB (Fig. 4D) , which is a parameter of liver function, markedly decreased compared with those of the normal controls. Transplantations of BMSCs slightly improved these parameters, while BMSCs/MMP1 decreased levels of ALT, AST and PT, and increased ALB level. These results indicated that BMSCs/MMP1 was more effective than BMSCs alone with respect to the attenuation of liver injury and recovery of liver function.
Hepatic MMP1 and TIMP1 levels after transplantation of BMSCs/MMP1. The amount of MMP1 produced by BMSCs/MMP1 was assessed by ELISA. The results showed that the amount of MMP1 from BMSCs/MMP1 increased more than 100 times higher than the amount secreted by BMSCs (Fig. 5A) . To investigate the effect of BMSCs/MMP1 on MMP1 and TIMP1 secretion in CCl 4 -induced liver fibrosis, we next transplanted the BMSCs/MMP1 in these rats. The results showed that MMP1 level significantly increased in BMSCs/MMP1 group compared with those of BMSC group (Fig. 5B) , while TMIP1 level was significantly suppressed in the BMSCs/MMP1 group compared with either model group or normal group (Fig. 5C ). In addition, the ratio of the MMP1 to TIMP1 level in model group was lower than that of normal group (data not shown). Transplantation of BMSCs improved the imbalance, while transplantation of BMSCs/MMP1 increased the ratio to a further high level compared with that of BMSCs alone.
We next investigated the enzyme activity of MMP1 produced by BMSCs/MMP1 before and after cell transplantation. The enzyme activity of MMP1, either 72 h after gene transfection or 2 weeks after transplantation was detected. The results showed that enzyme activity of MMP1 [1.3528x10 -3 nmol/(g•min)] was higher in BMSCs/MMP1 than that of BMSC group (Fig. 5D) . After cell transplantation, the enzyme activity of MMP1 was higher in livers of BMSCs/MMP1 injected animals than that of BMSC group (Fig. 5E ). These data demonstrated that not only the quantity but also the biological activity of MMP1 produced by BMSCs/MMP1 was elevated either in vitro or in the liver.
Discussion
Liver fibrosis is a worldwide disease that may lead to irreversible end-stage liver diseases. There is still no effective drug to reverse liver cirrhosis. Stem cells have the capacity of self-renew and differentiation into various cell lines, including hepatocyte-like cells under proper treatments or in the presence of a suitable hepatic microenvironment, and therefore, throw light on therapy in liver diseases (20, (39) (40) (41) (42) . It has been reported that transplantation of stem cells is an effective therapy for hepatic diseases, and BMSCs could improve impaired liver function and participate in the reconstruction of liver architecture (43) (44) (45) (46) . Nevertheless, other studies indicated that transplantation with BMSCs in liver fibrosis has its limitations due to the imbalance of synthesis and degradation of ECM in liver fibrosis and cirrhosis (21) . In cirrhotic liver, recovery of liver functions is extensively inhibited by fiber tissue which limits hepatocyte regeneration (47) . Recent study showed, although BMSCs transplantation can reduce the production of collagen partially by inhibiting the activation of hepatic stellate cells or increasing MMP9, it could not degrade the collagen in fibrotic liver effectively (45) . There are still excessive collagens in liver fibrosis after BMSC transplantation, as was also found in the present study.
Degradation of ECM is mainly induced by MMPs, which consequently may free up space for hepatic cell proliferation. Iimuro et al (34) injected the recombinant adenovirus containing MMP1 gene (Ad-MMP1) to the thioacetamide-induced liver fibrosis in rats and showed that the number of activated HSCs decreased, collagen obviously degraded, hepatocyte partly proliferated, rat liver fibrosis significantly reduced, and liver function improved consequently. Garcia-Banuelos et al (48) transplanted hMMP8 gene-modified recombinant adenovirus (Ad-hMMP8) into liver fibrosis of rats induced by CCl 4 injection and bile duct ligation, respectively. The results showed that the degree of liver fibrosis was alleviated and MMP2, MMP3, MMP9 and HGF expression in liver tissue were increased significantly, while transforming growth factor-β1 (TGF-β1) expression was reduced, accompanying by the decrease of the volume of ascites, improvement of liver function, and disappearance of gastric varices. These results imply that therapy with upregulated expression of MMP genes targeted to the liver may be useful as a therapeutic strategy even in advanced liver fibrosis or liver cirrhosis.
With the development of gene therapy, genetically engineered BMSC transplantation has been reported to be beneficial for treatment of bone disease (49) , cardiovascular disease (23) and neurological diseases (22) . Novel approaches including gene modified BMSCs have been supposed to reverse established liver cirrhosis. In the present study, we transplanted BMSCs/MMP1 into CCl 4 -induced liver fibrosis in rats for the first time. our results showed that exogenous MMP1 stably expressed BMSCs/MMP1 and these cells actively proliferated in vitro. Moreover, tracing BMSCs by GFP in vivo, we observed that most of the BMSCs planted in the liver successfully after transplantation, distributing around the hepatic vasculature, hepatic sinusoid, and hepatic lobule of implantation rats. BMSCs mainly concentrated in the liver because of its specific homing capacity to the injured organ. Regarding the mechanism of BMSC homing in liver, it was regulated by a variety of molecules, such as Sry-related high-mobility group box 11 (Sox11) (50), stromalderived factor-1 (SDF-1) (51), vascular endothelial growth factor (VEGF) (52), basic fibroblast growth factor (bFGF) (53) , and fibroblast activation protein (FAP) (54) . Due to its ease to express exogenous gene and low immunogenicity (55, 56) , BMSCs may be used as an ideal target for gene therapy and may play an important role in treatment of advanced liver fibrosis or even liver cirrhosis.
In the present study, although inhibition of HSC activation was observed and content of collagen determined both by the Masson staining and hydroxyproline evaluation in liver fibrosis was partially degraded after BMSC transplantation, the hepatic histology was not improved significantly. Transplantation of BMSCs/MMP1 was more effective than BMSCs alone as a therapy for liver fibrosis in rats. BMSCs differentiated into hepatocytes under the fibrotic liver microenvironment, inhibited HSC activation to reduce collagen deposit, and subsequently improved the liver function. on the other hand, BMSCs/MMP1 sustainably secreted MMP1 to degrade the excessive hepatic collagens. In this study, Masson staining and HE staining showed that collagens were effectively degraded in the liver and distorted architecture of cirrhotic liver was improved obviously after BMSCs/MMP1 transplantation.
In conclusion, the present study evaluated BMSCs/MMP1 transfusion in established liver fibrosis. We concluded that MMP1 gene sustainably expressed both in vivo and in vitro, transplanted BMSCs/MMP1 mainly concentrated in fibrotic liver, and consequently both biochemical parameters and hepatic architecture improved, suggesting that BMSCs may be a potential cell source and MMP1 gene may be a target for gene-modified BMSC therapy in chronic liver disease. Although these findings are encouraging for the further development of gene therapeutic approaches in liver cirrhosis, research should be undertaken to investigate mechanisms that may account for it.
